V 




| NATIONAL AD 71 S OB Y COMMITTEE FOB AEEONAITTICS 



0* 

^ J. 



s < 

X * 



y 1 

1 V 



It I >^ 



S "J 
Z X 

< 
z 

© x 

tSJ 

S2 © 

8— 3a. 



2 

MS 



ADVANCE CONJIDENTIAL REPORT '^Zff 



mm-vma mm mm 



TESTS OF A HEATED LOW-DRA& AISFOIL 



By Charles W. Frick, Jr. , and George B« McCullou 

Ames Aeronaut ical Laboratory 
Moffett Field, Calif. 



Unclassified - Notice Remarked 4/17/09 




December 1942 



KiKIT-M! JUSCUFT WUft 

NATIONAL ADVISORY COMMITTEE POR AERONAUTICS 



ADVANCE CONFIDENTIAL REPORT 



TESTS OS 1 A HEATED LOW^-DRAG- AIRFOIL 
By Charles tf. .Frick, Jr., and George B. McCullough 

SUMMARY 



The results of an experimental investigation of an 
NACA 65,2-016 heated wing are presented. The test data 
show the following: 

1. The chordwise distribution of high skin temper- 
atures normal for heat de-icing can "be obtained with 
negligible effect either on the drag coefficients in the 
low-drag Reynolds-number range or on the maximum Reynolds 
number at which low drag is obtained. 

2. Distribution of heat along the chord resulting 
in high temperatures near the minimum pressure position 
will result in both an increase in the minimum drag co- 
efficients and a marked reduction in the Reynolds-number 
range over which low drag occurs. This marked reduction 
of the critical Reynolds number occurs because the de- 
crease in the stability of the laminar boundary layer 
promotes earlier transition to turbulent flow* 

INTRODUCTION 



At the request of the Materiel Command, U. S. Army 
Air Jorces, the effect of heat on the drag of a low-drag 
airfoil was investigated in the 7- by 10-foot wind tunnel 
of the Ames Aeronautical Laboratory. The tests were made 
primarily to find what changes would be experienced in the 
minimum drag characteristics of the wing with heat de-icing, 
and to compare these effects with the results of tests of 
a low-drag wing equipped with rubber de-icing boots (refer-* 
ence 1) . 

The effects of the addition of heat to the laminar 
boundary layer that occur when the skin temperature is in- 
creased may be .studied under the following four headings* 



(a) skin . friction : 

(b) boundary- layer st ability 
-(c) Meredith effect 

(d) critical speed 

The latter two are eliminated for the purposes of the 
present tests because the maximum Mach number attainable 
in this tunnel, 0*4, is considerably below the critical 
value for this , airfoil » and moreover is no t suf f ic ient ly 
large to find any appreciable change in drag from Meredith 
effect. The results of the tests, therefore, are discussed 
under the first two headings only. 

Nomenclature 

The symbols us ed throughout this report are defined 
as follows: 

IT free-stream velocity 

TJ local velocity just outside the boundary layer 
u local velocity in the boundary layer 
c wing chord 

x distance from the leading edge along the chord 
y distance normal to the surface 

8 boundary-layer thickness defined as the distance 

normal to the surface to the point in the bound- 
ary layer where u is equal to 0.707U 

9 the momentum thickness of the boundary layer 

0 

where h is large enough to enclose the entire 
friction layer 
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V the kinematic viscosity" 

the absolute viscosity 
p Q .., free-stream density 

p local density outside .boundary layer 

p local density inside boundary layer 

R c . Reynolds number .based on the chord (Yo/v) 

E 5 boundary-layer Reynolds number based on 

thickness, 5, (US/u) 

E« boundary-layer Reynolds number based on momentum 

* thickness, 9, (U^/u) 

He and R/o are values of these parameters at 

5 crit * d crit 

which the laminar boundary layer becomes tur- 
bulent 

R c is defined as the maximum Reynolds number at 

crl which low drag occurs 

t A free-stream- air temperature, °F 

T Q free-stream air temperature, °J absolute 



t^ "local temperature outside the boundary layer*,. 5 1 

T L local temperature" outside the boundary layer, °I 

absolute 

t local " temperature inside the boundary layer, °P 

I local temperature inside the boundary layer,, °F 

absolute 

te surface temperature at any cho-rdwise point, °T 

9 temperature difference across the boundary 

layer a ( te-t L ) 

9 temperature difference between any point in the 

boundary layer and the surface temperature, 

<t € -t) 
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Description of Apparatus 

Tests of a heated wing were made in the 7- by 10-foot 
tunnel at AAL. This tunnel is of the closed-throat, 
rectangular-section, single-return type, capable of air 
speeds of 300 miles per hour. ' The turbulence level of 
the air stream is such t hat a wing chord of 7 feet for 
the 65,2-016 sect ion was necessary in order that the 
critical Eeynolds number, the upper limit of the low-drag 
range, could "be exceeded. 



Description of Model 

The model was a 7-foot-chord *by 7^-foot^span EFACA 
65,2^016 airfoil mounted as a vertical "through model, « 
Or din at es are given in table I • 

The model is shown mounted in the tunnel in figure 
1(a). The forward portion containing heating lamps was 
of sheet-aluminum construction,, and the trailing section 
of laminated wood* Construction details are shov/n in 
figure 1(b). Built into the model were 26 pressure ori- 
fices and 41 iron-cons tantan thermocouples. The thermo- 
couples were in three c.hordwise bands on the span center 
line and 4 inches each side extending to 41-percent chord. 
The pressure orifices were connect ed to a mul t.ipl e- tube 
manometer, and the leads from each t hermoc oiiple were brought 
out to a multi-contact selector switch which, Mas connected 
to a Lewis pyrometers-potent iometer. The external surface 
of the heated portion , v/^s bare metal and that of the un- 
heated wood part was painted. The entire model was made 
aerodynamically smooth by ehordwise rubbings with success 
sively finer grit sandpaper. All power, temperature, and 
pressure leads were brought out through the top of the model 
which was sealed closed to prevent the escape of convected 
heat. 

Local unfairnesses of the model resulted in some minor 
variations in the pressure distribution, as shown in figure 
2, but these were not of sufficient magnitude to induce 
trans it ion to turbulencQ. 
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. Method of Heating 

The heated portion of the » ing was di vid ed into 
four compartments by spanwise bulkheads on which the 
heating elements, nine rows of ordinary 120-vol-t incan~ 
descent lamp bulbs , were mounted (fig* 1(h)). The ins id e 
surface of the aluminum skin was painted a dull black to 
increase the absorption of radiant; heat , hut all other 
metal surfaces were "bright. 

The heat input appropriate to each compartment to 
give a temperature difference across the - "boundary layer 
of 100° p at a Reynolds number of 13,000,000 was calculated 
by the method of reference 2. The size, number, and loca- 
tion of the bulbs within each compartment were such as 
to. give the most nearly uniform skin temperature possible 
within the practical limitations of the : design. 

Power was supplied by a direct-current generator 
equipped with a remote voltage control which permitted a 
convenient means of adjusting the over-all applied voltage. 



Other Apparatus 

Jot measurement of the temperature distribution through 
the boundary layer, a temperature "mouse" consisting of six 
thermocouples was used. 'Each thermocouple was made of small- 
diameter copper tubing through which" was led a small insu- 
lated constantan wire, as shown by the sketch of figure 3(a). 
Heights of the thermocouples above the wing surface were 
adjusted by bending the copper tubing, and were measured by 
means of a microscope wit ; h a scale reading in thousandths 
of an inch* The six individual copper leads and one common 
constantan lead wore brought out through the wing to a 
selector switch. Electromotive forces were read with a 
Leeds, and Northrup potentiometer. A cold junction immersed 
in a vacuum bottle of ice water was used for reference. 

A velocity mouse consisting of six total-head tubes and 
one static tube was used for measuring the velocity boundary 
layer. Tube heights were adjusted and read by the. same 
method as for the temperature mouse. Figure 3(b) is a detail 
view showing both mice mounted on the wing f 

All drag measurements were made with a momentum rake 
of 48 total-head tubes spaced 1/4 inch apart connected to 
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an integrating manometer. Lift was determined from pres» 
sure district iQA» No force-test measurements on the 
wind-tunnel scale were made. 

free-stream air temperatures were calculated from 
average readings of- thr.ee resistance-type thermometers 
located in the return passage a short 'distance ahead of 
the entrance cone-, Adiabatic expansion through the en- 
trance cone was assumed, • ' : 



Test Methods and Correct ions 
Drag - measurements . -* Simultaneous pressure di stribut ion 



and momentum drag data were obtained through a range of 
angles of attack xirith the model unheated and heated** Sec- 
tion lift coefficients were calculated by integration of 
the pressure distribution. Momentum drag data were com- 
puted by an adaptation of the Jones method, including 
correction for compressibility. Io correction' was made 
for heating of the- wake because this was found to be in- 
appreciable for the amount of heat transfer from the model. 
Tunnel-wall effect was corrected by the following factors 
based on an unpublished theory of two-dimensional tunnel- 
wall corrections. 



c d = 0. 930 c » d . 
o o 



c l = 0, 838 c ^ 



E_ * 1.030 R«„ ' 



Since the main interest was in the effect of heat on 
minimum drag, most of the* runs were made at the .ideal angle 
(0°) for the full range of Reynolds numbers with the model 
unheated and heated. Simultaneous momentum drag and temper^ 
ature-dis tribut ion data were taken for these runs. 

Temperature-distribution data were computed and' plotted 
in terms of the parameter, ®e/^ 0 

where 



e € » (t € -t L ) 
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t$ skin temperature, °J 

t £ local free-stream temperature out side the boundary 
layer, °f ... 

T Q free-stream temperature, °P absolute 

Boundary- layer measurements .*- Simultaneous velocity 
and temperature "boundary-layer profile data and chordwise 
temperature data were obtained with the two mice mounted 
on tie. wing - 6; inches either side of midspan at the same 
percent chord* To : offset the greater heat transfer from 
the surface aft of the mice with consequent reduction of 
skin temperature resulting from turbulence in the wake of 
the mice, triangular-shaped areas were covered with scotch 
tape* These may be seen in figure 3(b) . 

In order to obtain true air temperatures from indica- 
tions of the temperature mouse, corrections for aer pdynamic 
heating were applied, Eckert (reference 3) has shown that 
the aerodynamic heating experienced by a similar type of 
thermocouple in laminar flow is about 0 # 845 > ^/"o", times the 
temperature rise which would result if the air were brought 
to rest adiabat ically . An experiment al check was obtained 
on this Constant by exposing the thermocouple mouse to an 
air stream of known velocity and temperature and comparing 
the excess temperature of the stream with the adiabat ic 
temperature rise. The indicated temperatures measured in 
the boundary layer, therefore, were corrected by obtaining 
the velocity in the boundary layer corresponding to the 
position of the thermocouple and applying the above cor- 
rection. 

Telocity boundary-layer data were corrected for temper- 
ature on the following basis: 



u = u 1 */ T/T l 

The magnitude of this correction was small , and it was not 
considered necessary to recorrect the temperature boundary 
layer using the corrected values of u. 

Temperature boundary layers are plotted in the form 

8 /Q € where 8 = tc-t, t being the local temperature 

inside the boundary layer* This allowed direct comparison 
of the temperature and velocity boundary-layer profiles. 
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RESULTS AND DISCUSSION 

Draff effects at the ideal angle *- The major purpose 
of the tests discussed herein was to determine the effect 
of heat on the minimum drag of the airfoil section; hence 
most of the results obtained are concerned with the variation 
of minimum drag with Reynolds number at the ideal angle of 
attack*' * • • • 

Identical tests -w'&re made: with .three .diff erent sections 
of the "laminar run" heated as. /f allows : , : ..■ V 

"* lv Ent it e 1 ami n ar run ( 0 ~p ; <3 r o&n t t o 5.2 • 4-p e r c en t 
. ; -chord) heated to 9 € ;qf XH, 5.0% .75° and ;100° F. 

2 f . Section -ahead of "minimum pressure (26,3-percent to 
52.4-percent chord) heated to 8 C of 0°, 50°, 
75 Q and 100° - P. -. . 

3, Hose section (Grpercent to 14,6-percent chord) 
heated to -.-B^'-of 0°, 50°, 75° and 100° F# 

Results are presented in figures 4, 5', and 6, Figure 
7 is a comparison of 'the "effects ©f - the three types of 
ho at ing for the ' sane' ; value of - 9 c (75° ;f) * 

Examinat ion of the; datia/ sh'ows : that the drag coefficients 
for all conditions tern aiiT frearly constant at a minimum value 
for a certain range of :r Reynolds' number s and then increase 
more or less abruptly : at '■' some critical value of the Reynolds 
number* This critical vaiue ; has been found to occur when 
transition from laminar to turbulent flow in the boundary 
layer moves forward through the minimum pressure position. 
Thus, for the low-drag range of Reynolds numbers transition 
is behind minimum pressure- and for the high-drag range 
following the critical Reynolds number transition is ahead 
of minimum pressure, - 

Figures 8, 9, and 10 are typical of the chordwise 
temperature distribut ions which were obtained for the vari- . 
ous heating •conditions. : ft" Will be noted from figure 8 
(laminar run heated)' thait 'when the critical Reynolds number 
of 8,000,000 was* exceeded and transition moved forward of 
minimum pressure on to the heated (aluminum) portion of the 
wing, the high rate of heat transfer in the turbulent region 
prevented the desired 11 cons tant « temperatures from being 
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maintained. A similar effect occurred for the "region 
a;head of minimum pressure" heated (fig. 9). However* 
since this deviation by its very nature occurs only after 
the critical Reynolds number has "been attained for any 
given 9 €f the drag results, insofar as the effects on 
the value of the critical Reynolds number are concerned, were 
all obtained with proper heat distribut ions. Beyond the 
critical Reynolds number it may be anticipated that some- 
what greater increases in drag would have been measured, 
had it been possible to maintain the nominal temperature 
distribut ions. 

It is important .to note that the H nose-heated ,r con- 
dition (fig. 10) -gave a temperature distribution which 
was very close to that which is' normal for heat de-icing 
installations, 3? or the purpose of comparison, a typical 
heat de-icing distribution (taken f rom ref er ence 4) is 
plotted on figure 10. 

A study of the drag results r.eveals that the major 
effect of heat for- conditions 1 and 2 was a marked re- 
duct ion in the critical Reynolds number. Figure '11 pre- 
sents the variation of" critical Reynolds number with 
Increasing "8c for ^t he three heat conditions. The crit- 
ical- Reynolds number is shown .to be negligibly affected 
hy . hearting the nose. But for the laminar, run heated .to, 
a 8 e of 75° F, there -result ed* a decrease in th<3 critical 
Reynolds number to about .8 , 000 , 000 and for the region ahead 
of minimum' pressure, he a t'ed" a corresponding- decrease to about 
4 ,000 ,000. This- compares to a crit ical- Reynolds, number of 
about 11 ,000 ,000' for no heat. (It may be h'o.ted that the-re 
is a def ini t e • tendency/f or the reduction in critical Reynolds 
number. to approach a limiting value with increasing tempera- 
ture.) Such red-uct i ons-- in .critical Reynolds numbers, would 
mean a serious increase- in drag for an airplane equipped 
with a low-drag airfoil, designed to operate slightly below 
the cr itical Reynolds number with no heat. Rowever > for- the 
nose-cheated condition which simulated normal heat de-icing 
temperature distributions, only minor changes in R . 

c crit 

were measured. 

The minimum drag coefficients in the., range of Reynolds 
numbers below the critical experience negligible increases 
for the nose-heated condition as seen from figure 6.. These 
increments wore so small that they were within the accuracy 
of the experimental results. lor the other heat conditions, 
the minimum drag increases of 0.0002 to 0.0005 cannot be 
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accounted for by the increased shear of the lamin&r • region 
as is shown by the measured momentum thicknesses of r the 
lainin&r layer which indicate an actual decrease in the^ 
surface shear up to 29-percent chord,- They are most prob- 
ably due"' to the increased shear of the* turbulen-t boundary 
-layor just aft of transition caused by heating near the 1 
iaindmum pressure position, since it is unlikely that they 
result from increased pressure drag. 

In the high~*drag range of Reynolds numbers greater 
than the critical, approximately one-third- of the drag 
increase can he accounted for by the increased area sub- 
jected to turbulent flow because of the f orwar d mo vement 
of transition. The remaining two-thirds . may . be attributed 
to " th-e . pressure drag- resulting from the inability of the 
thickened boundary lay er to develop tho steep pressure 
recovery behind minimum pressure. 

Drag effects at angles other ttian the ideal , m 
effects of heat at angles other than the ideal are in the 
direction which would be anticipated by the ideal angle 
results.^ Pigure-12 shows that the effects of nose 1aeat 
are si ight, whereas with tho' laminar run heated the low- 
dr'ag ahgle-of -att ack rango has disappoared at a Reynolds 
number of ll,O0G,QO0. Figure 13 extends tho comparison- 
for nose heat and- u no heat 11 to higher lift coefficients, 
at • a-Reynolds number of 6 , 600 ,000. 

• Coflipar i son with rubber de-icer effects .- figure 14 : 
has been prepared from ' t he results of tests • of -si -rubber 
de-icer oh a low-drag wing (reference !)•• - A comparison- 
is. afforded of t he ■ nos e-heat result s with thos e ' of the - 
rubber de-icer. (The "compression 8 of the c d -vs.- ft 

0 v . . 

Characteristics measured in the 7- by 10-foot tunnol, re- 
sulting in lower s c cr compared .with tho two-dimensional 

tunnel,- is due .to the difference in turbulence levels of 
the two tunnels. The- slight unf ai rne s s . of the test-wing 
causing t he -pressure waves shown .on - fig, "2 probably con- 
tributed to this compression,) The figure emphaai zes . the 
fact that with rubber de-icers the 1 ow-drag ' advant age of 
the laminar-flow wing is lost, while with. heat de-icing 
it is essentially unchanged. 

' Boundary-layer effects ..- As stated previously , the 
crit ical Reynolds ; number", f or any low-drag . airfoil occurs 
when the transition from laminar to turbulent flow in the 
boundary layer 'moves forward along the chord through the 



11 



chordwise position of minimum pressure, This movement of: 
transition into the pressure region whose gradient is favor- 
able to the preservation of laminar flow has "been found to 
be associated with the attainment of a critical value of ■• 
H*§ —(reference 5). It" is known that this value of R§ is 

.affected by air stream turbulence, surface condition, and 
vibration* In an effort to gain some knowledge of why 
this stability limit was adver sely - affected by heating the 

•surface, an experimental investigation of the laminar bound- 
ary, layer was made for the same heat conditions as for the 
drag tests. ! '- ' 

Boundary-layer surveys were made at 40,-percent chord 
and are presented in figures 15 through 18 for the various 
heat conditions at 8 G of 75° F. Figure 19 showing the 
variation of u/U, as measured with a mouse surface tube, 
with Reynolds number allows the chordwise position of 
transition to be determined at any Reynolds number* Other 
surveys were made at 29-percent chord, a position well 
removed- from. -the influence of - trans it ion at the lower 
Reynolds numbers, for the purpose of obtaining experimental 
data on the relationship betx^een the temperature and veloc- 
ity boundary-layer profiles. Typical results in the form 
of u/U and 0/ 0 € are given-'-iir figures 20 to 23, inclusive. 

figure 24 presents a comparison between the calculated 
variation of 8 , the boundary-layer thickness, with Reynolds 
number and the values taken from experimentally-determined 
profiles at the 29-percent-chor d location. From these re- 
sults, it is evident that f o.r. this, test model the- boundary- 
layer thicknes s is not inversely pr opor't ional to the square 
root of. Reynolds number .as would be expect-ed ;frb/m theory. 
This difference is bel ieved. to come about' because of: the 
local reversals in the pi*e's..s.ur e gradient : ahWad -of the 29- 
percent-chor d position "due j to local unfairness'' of the .sur- 
face. . For the purposes * of these tests, this' disagreement 
(Joes not prevent a comparison between the *ho~heat boundary- 
layer , result s and those obtained with the various heat con- 
ditions. 

The results of figure 24 indicate a reduction of Rg 
when heat is added to the entire laminar run., or just for- 
xtfard of minimum pressure. An opposite effect would be 
anticipated from an expected increased surface shear due 
to higher viscosity of the heated boundary layer. This 
apparently contradictory result is explained by an exami- 
nation of the experimental boundary-layer profiles from 
which the values of 8 were measured. There is a marked 
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eK.an.ge dn .profile with heat conditions 1 and 2, which 
:app-e-ar S" near the surface of the airfoil as a decrease in 
tie Telocity .gradient at- the surface, as compared to the 
:uo-hdiit profile, This decrease in (du/dyJy-Q is suffi- 
cient- to cause the profile to develop an inflection point. 
The consequent redistribution of momentum through the fric- 
tion layer coupled with the increased local velocity re~ 
suiting from decreased density of the heated "boundary layer 
•causes the upper half of the profile to t'bulge » increasing 
the c oneavity 

The distort ion of the laminar friction layer is associ- 
ated' with the type Of temperature distribution through .the 
laminar layer. This is -demonstrated by the results of fig- 
ure 25 which show 1 the measured velocity boundary layers for 
approximately equal values of 9 € t>ut with different dis- 
tribution of temperature through -the -boundary layer. -" The 
distribution associated with heating the nose has very 
little effect in distorting the boundary layer while the 
steep temperature gradient from the surface result ing .from 
heating near minimum pressure had a marked effect. (It may 
be noted that the temperature distribution associated with 
Heating the nose is very similar *to that obtained by aero- 
dynamic heating where T ~ l/us). 

It is apparent from the above discussion that 8 ^ as 
a measure' of the boundary-layer momentum' loss loses its 
significance. -A more logical -criterion for the case of 
the artificially heated boundary layer "which is distorted 
.(or the Blasius profile accompanied by a temperature rise 
-due to" friction) is the momentum thickness, 6, since it 
takes into account the variation df density through the 
layer and is not dependent on the profile shape. "The -• • 
values of 6, corresponding to profiles from which the 
values of 6 plotted in f igure 24 we r a. taken', are given 
'■as ■ a function of the wing Heynolds number in figure 26, ' 
These . data present a truer picture of the boundary layer. 
The loss in momentum represented as 6 is seen to ; be 
approximately the same with no heat, nose heat, and for 
heat at minimum pressure* The measured values of 6 for 
•the laminar run heat ed- indie at e that the shear was decreased 
for this heat condition. . This appears to be due to the " 
fact that the decreased -velocity gradient (du/dy ex- 
perience-d with this type of heating more than offset the 
•♦eff ect of the ^increased viscosity ' on the surface shear. 
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It has been found that the afore-mentioned limit of 

the "boundary-layer stability may "be expressed as a critical 

value of the "boundary-layer Eeynolds number,: Ud/u , whuere 

d 'is some characteristic length of the boundary layer. 

This length has been taken in past research as 5, the 

point in the boundary layer where u = 0.707U, but 6, 

according to the above discussion, loses its significance 

for these artificially heated boundary layers. (This is 

true also for aer odynamically heated boundary layers*) 

Consequently, it is logical to substitute 8 for 8 in 

the boundary-layer Eeynolds number so that it becomes 

118 /u i which may be designated E0. The value of Eg when 

transition occurs may be noted as Ea # 

y crit 

It then follows that the occurrence of Eq at 

n crit 

minimum pressure defines the critical body Eeynolds number. 
Assuming that a given value of &8 crit is associated with 

the occurrence of transition anywhere in the favorable 
pressure gradient, we may use the variation of 8 with 
Eeynolds number at 29-percent chord to calculate the varia- 
tion of Eg with E c at this point and from these curves 
determine the values of Ep , A for the heat condition 

which caused transition to occur this far forward. Figure 
27 presents this variation of Eg with E c . 

It is evident that the occurrence of transition will 
cause the variation of E0 with E c to become discontin- 
uous. The value of B0 crit tlien is s 8 at . the point of 

discontinuity. Thus, it is seen that S 8 crii . for the 

laminar run heated to 8 e » 75° J 1 is 1070 and for heat 
applied to minimum pressure about 1190. The Eeynolds 
numbers at which these values occur agree fairly well with 
the Eeynolds numbers for transition at 29-percent chord for 
these heat conditions taken from figure 2Zm 

For the nose-cheated and no-heat boundary layers shown 
on figures 18 and 15, it is found that the occurrence of 
transition at 40-percent chord gives a value of H0 cr j+ 
of about 1600. It is therefore apparent that the stability 
of the distorted boundary-layer profiles for these heat 
conditions is much less than for the convex profiles ob- 
tained with no heat or with the nose heated. 
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This has "be en ver if i ed t he or e t i call 7 by Tollmien 
(ref er ehce 6 ) , who has shown that laminar profiles de- 
Vel oping inf 1 ect i on po int s are ess ent ial ly less s t able 
to small oscillations than convex profiles. This* then,., 
affords -an acceptable explanation of the powerful effects 
that heat conditions 1 and 2 have on the critical Reynolds 
number and why 'heating the' nose has lit tie effect • 



CONCLUSIONS 



The results of the drag tests of the heated NACA 
65,2-016 airfoil show the following: 

lm The chordwise distribution of high skin temper- 
atures in the nose region only (as used for heat de-icing) 
may he obtained with negligible effect either on the drag 
coefficients in the low-drag Reynolds-number range or on 
the maximum 'Reynolds number at which low drag is obtained* 

2# Distribution of heat- along the chord resulting 
in high skin temperatures noar the minimum pressure posi- 
tion will result .in both an increase in the minimum drag 
coefficients and a marked reduction in the Reynolds?number 
range over which they occur, 

3. The marked re duct ion in the critical Reynolds 
number caused by heat near minimum pressure is due to. the 
fact that this type of heating gives a temperature distri- 
bution in the boundary layer which promotes -an inflection 
point in the velocity profile. The resulting boundary 
layer has less stability than one with a Blasius profile. 

Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Pield, Calif. 
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TABLE I.- OEDItfATES OF 7-FOOT-CHOED 
HACA 65,2-016 AIEFOIL 



X 


X 


7 


y 


Percent chord 


(in.) 


Percent chord 


(in.) 


0 


0 


0 


0 


.5 


.420 


1. 202 


1. 010 


.75 


. 630 


1.423 


1. 195 


1.25 


I, 050 


1.796 


1. 509 


2.5 


2. 100 


2. 507 


2. 106 


5.0 


4, 200 


3. 543 


2. 976 


7.5 


6. 300 


4. 316 


3. 625 


10 


8.400 


4.954 
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Figure la.- Three-quarters md front ¥±ews of model mounted in tunnel. 
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Figure 2*- Ohordwtse pressure distribution, a = 0°, c x » 0, H c - 11 x 10 approximately. 
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Figure 3a.- Sketch of temperature mouse thermocouple tube. 
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figure 4.- Section drag-coefficient variation with Reynolds number. Lamina^ run heated. a=0°. 
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Section profile drag-coefficient variation with Reynolds number for heat in ^ 
section ahead of minimum pressure, a = 0°. £ 
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Figure 6.- Section drag—coefficient variation with Reynolds ntimber.Hose section heated, a=0°. 
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Figure 7.» Section profile drag-coof f iciont variation with Reynolds number for various 
portions of laminar run heated. ©e= 75° F, 0=0°, Cj=0 o . 
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Figure 8»- Chordwise temperature distribution. Laminar run heatpcU' 0 e - 75 I\ a = 0 . 
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Figure 9.- Gliordwise temperature distribution. Region just ahead of minimum pressure 
heated. 0 £ « 75°F 3 a =0°. 
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Figure 11.- Variation of critical Reynolds number with 9 for various 
heat conditions. 
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Figure 12.- Effect of heat on the range of lift coefficients over which 
low drag occurs, 9. = 75°J?, Reynolds number = 11.0 x 10 5 . 
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Figure 13.- Section drag-coefficient variation with section lift 
coefficient. Reynolds number 6.6xl0 6 , 
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Figure 14.- Comparison of minimum drag variation with Reynolds number for rubber de-ic*sr 
heat de-icing. 
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Figure 15.- Velocity bound. ry layers at 40 
chord. No heat, a - 0°. 
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Figure 16,- 
a = 00. 



Velocity boundary layers at 40-percent 
ciiord. Laminar run heated. 6 e = 75°F, 
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Figure 1?,- Velocity "boundary, layers at 40-percent chord. Heat at 
minimum pressure. 6 e = 75° F, a = 0°. 
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Figure 18 
a = 0°. 



Velocity boundary layers at 40-percent 
chord. ^ T ose only heated. 0 € = 75°F, 




Figaro 19.- Mouse surf ace- tubo reading against Reynolds number. Mouse at 40-percent chord-, a - 0°, 

e e = 750 f. 
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Figure 20.- Velocity and temperature boundary layers at 
29-percent ciiord for the laminar run heated, 
a = 0°, Reynolds number = 11.01 x 10 b , 6 e = 75°F. 
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Figure 21**- Velocity and temperature "boundary layers at 29-pcrcent 

chord for heat applied to section ahead of minimum pressure 
position, a = 0°, Reynolds number = 10.89 x 106, Q € = 750 F. 
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Figure 22.- Velocity and temperature boundary layers at 29- 



percent., chord, 
number = 11.45 x 10 6 ; 6 e - 



Nose heated. 
75°. 
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Figure 23.- Mouse surface-tube reading v# Reyn 
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Figure 24.- Boundary-layer thickness variation with Reynolds number, 29-percent chord* m 
Cft « O a > 0 € « 75°F. 
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Figure 25.- Variation of velocity profile with type of 
temperature distribution for same Q e / 
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Figure 26.- Boundary- layer momentum- thickness variation with Reynolds number, 29-percent chord, 
a = 0°, 0 € = 75°F. 
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.figure 27«- Boundary-lay or Reynolds number (based on moment-urn thickness) variation with body Reynolds w 
number, 29-percent chord* ^ 



